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Abstract 
A mathematical CFD model of a biomass packed porous bed system was developed to predict the volatiles in terms 
of tar and light gas as well as char fraction released during the pyrolysis process. In particular, phenol was considered 
as tar representative while for gas the single species were considered (in particular H2, CO, CO2, CH4 and steam). 
The model was implemented in a commercial CFD code through several original User Defined Functions (UDFs) to 
reproduce the source terms in the continuity, energy and chemical species mass fraction equations. Furthermore, both 
inertial and viscous resistances within the packed bed were modelled and coded to assess the pressure drop in the 
porous media. Code validation was achieved by comparing the numerical results against experimental data obtained 
in a small-scale biomass reactor using N2 as carrier gas. To assess the kinetic parameters of the pyrolysis model at 
different operating conditions, the experiments were carried out by varying, in a wide range, the temperature of both 
the N2 flux and reactor walls. 
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1. Introduction  
To properly understand (end hence to model) the biomass combustion process, pyrolysis mechanism 
must be specifically addressed. Pyrolysis is an endothermic process of degradation of the solid substance 
occurring in total absence of oxidizing agents. The results of this process is the formation of a great 
variety of chemical species that are usually divided into three categories: a permanent mixture of synthesis 
gas, a liquid resulting from condensation of the condensable organic compound (tar) and a solid residue 
rich in carbon (char). The gas is mainly composed of CO, CO2, H2 and light hydrocarbons. Tar is mainly 
composed of heavy hydrocarbons (CxHyOz) [1]. The process is governed by many physical parameters 
among which the most important are the pressure, the residence time of the biomass within the reactor and 
the temperature of the system. In particular, the latter significantly influences the concentration of 
products involved. Several studies in literature show that an increase in temperature favors the formation 
of gas and tar resulting in a reduction of the residual char [2]. During pyrolysis there is a continuous 
interaction between the physical processes, causing the variation of the biomass characteristics, and the 
chemical reactions causing the conversion in the final products. 
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Nomenclature 
A Pre-exponential factor [s-1] 
C2 Inertitial resistance factor [m-1] 
deq Equivalent diameter [m] 
Ea Activation energy [J mol-1] 
h Specific enthalpy [J kg-1] 
hf0 Standard enthalpy of formation [J kg-1] 
lb Bed depth [m] 
ী Mass flow rate [kg s-1] 
R Universal gas constant [J mol-1 K-1] 
Sh Specific enthalpy source [W m-3] 
Sm Mass source [kg m-3 s-1] 
u Velocity [m s-1] 
T Temperature [K] 
Vb Bed volume [m3] 
Y Mass fraction [-] 
Greek         
Į Permeability [m2] 
Ȗ Mass fraction in volatile gas [-] 
İ Porosity [-] 
ȝ Dynamic viscosity [kg m-1 s-1] 
ȡ Density [kg m-3] 
ȫ Production rate of volatiles [kg/m3s] 
CFD simulations are a very useful and effective tool for evaluating chemical and physical phenomena 
occurring during the pyrolysis process [3]. In this work, a numerical model for a fixed bed reactor is 
presented. Appropriate User Defined Functions (UDFs) have been implemented within the commercial 
software ANSYS Fluent 13. In the model, source terms were added to the species conservation equation 
to account for the formation/destruction of gaseous compounds, liquid compounds and water during the 
pyrolysis process. Furthermore, energy equation was considered to account for temperature variation. 
The validation of the numerical model was performed comparing the simulation results with 
experimental data obtained in a laboratory scale reactor. 
2. Experimental setup 
Pyrolysis tests are performed in a fixed bed quartz tubular reactor (internal diameter 4 cm; length  20 
cm), equipped with a quartz frit to allow the formation of the biomass bed and heated by an external cable 
heaters. The bed temperature is continuously measured by a K-type thermocouple fitted in a small quartz 
pipe and placed in the center of the bed. Due to the relatively small diameter of the reactor, the whole 
process can be considered as isothermal, thus temperature gradient within the fuel bed can be neglected. 
The biomass enters the reactor from the top, fed at regular time instants by a piston system in order to 
assure the continuity of the process (feeding rate equal to 0.01 g/s). The fuel is fed for 10 min, forming a 
10 cm bed height at the end of each test. During the tests a nitrogen flow of 0.4 Nl/min was fed above the 
fuel bed, to make inert the atmosphere within the reactor. The produced gases passes through a series of 
water-cooled traps to condense tar and water; the non-condensable gases are then sent to an on-line gas 
analyzer (Siemens Ultramat 23) to measure the concentration of CO, CH4, CO2 and H2. The amounts of 
tar and water are determined gravimetrically. The experimental tests were performed at three different 
temperatures 773, 873, 1073 K in order to determine the kinetics of the process.  
3. Numerical model 
The present pyrolysis model has been developed for a fixed bed reactor operating in stationary 
conditions. The computational domain was divided into two equal parts and the bed was defined as a 
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porous region (Fig. 1). Under the assumption of stationary conditions, the consumption rate of the 
biomass is equal to the inlet mass flow rate, computed as 
m w v bS m Y V=  .
The volatile species formation mechanism has been implemented through a multi-reaction one-step 
model in order to reproduce the different species production rate. In fact, several studies ([1],[2]) show 
that the kinetics of the tar is predominant at low temperature, while the rate of formation of the gaseous 
species increase with temperature. Thus, the source of chemical species are: eq. (1) for gaseous species, 
eq. (2) for the tar and the pyrolysis water. In eq. (3) an additional term representing the formation of water 
due to the evaporation of moisture contained in the biomass has been considered. The chemical reaction 
rate was modeled through the Arrhenius formulation.
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In addition, a source term in the energy equation has to be introduced in order to 
evaluate the temperature variation within the porous region due to the endothermic 
pyrolysis process. This term is computed as the product of the biomass reaction rate 
and the heat of reaction, estimated through the Hess’s law (eq. (4)): 
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The pressure drop within the porous region can be modeled through two 
contributions: the viscous and the inertial type. These two terms have been estimated 
using the Ergun’s relationship Errore. L'origine riferimento non è stata trovata.
(eq. (5)) that allows to define the viscous resistance (eq. (6)) and inertial (eq. (7)) 
coefficients introduced into the source term:  
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4. Numerical details and results 
A cylindrical numerical domain reproducing the experimental geometry and conditions was used to 
perform three simulations at three different temperatures. Sawdust was used as fuel: it was assumed to 
have an equivalent diameter of 1 mm, and a constant thermal conductivity. The fixed bed porosity was 
assumed to be equal to 0.5, and the bulk density is about 400 kg/m3. Boundary conditions were set as a 
mass flow rate inlet for nitrogen input, with a volumetric flow value equal to that of the experimental test, 
and a pressure outlet for the final section of the freeboard. The thermal control of the surfaces of the 
domain was obtained by setting the A constant temperature at the walls. 
The numerical model was set-up to reproduce six species of pyrolysis products. The volatile gas is 
modeled as a mixture of H2, CO, CO2 and CH4 as representative of light hydrocarbons, and tar as phenol 
(C6H5OH) since, as shown by experimental tests, this is the main constituent of the pyrolysis oil.  
The chemical and physical characteristics of the biomass were determined by proximate analysis [4] 
and ultimate analysis [5] (not reported here for sake of brevity). These values were used to evaluate the 
volatile fractions (ɶ) according to the model [6].The values of the kinetic parameters determined in 
relation to the experimental results, are 151.8 kJ mol-1 for the gas activation energy with a pre-exponential 
factor equal to 2.29Â1010 s-1 and 147.0 kJ mol-1with 1.6Â1010 s-1 for the condensable species. The numerical 
and experimental results for the tested temperatures are summarized in Table 1. 
Fig. 1. Computational 
domain  
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5. Conclusions 
An experimental-numerical campaign was carried out to determine the kinetic parameters to be used 
for modelling the biomass pyrolysis process. The simulation tool was integrated with original user defined 
functions accounting the devolatilisation process of gas, tars, chars and moisture from the biomass.  
The main result obtained through this model is the quantification of the different species of gas 
released during the process taking into account their variation as a function of the temperature of the 
reactor. The kinetic parameters here proposed allow to reduce the % error to almost negligible values 
(except for water, whose content is usually hard to establish due to the uncertainty in the evaluation of 
humidity in the experimental feedstock). 
Table 1. . Chemical fraction of the species as a function of the temperature: simulations and experiments. 
T 773 K 873 K 1073 K 
mass Exp. Sim. ǻ Err % Exp. Sim. ǻ Err % Exp Sim. ǻ Err % 
CH4 1.48 1.475 0.00 0.34 2.54 2.53 0.01 0.39 3.28 3.28 0 0.00 
H2 0.25 0.270 0.02 8.00 0.46 0.459 0.00 0.22 0.68 0.671 0.009 1.32 
CO 8.16 8.22 0.06 0.69 13.63 13.39 0.24 1.76 17.56 17.42 0.14 0.80 
CO2 7.69 7.75 0.06 0.78 7.25 7.23 0.02 0.28 7.8 7.81 0.01 0.13 
H2O 33.37 32.92 0.45 1.35 30.49 28.56 1.93 6.33 30.5 25.30 5.2 17.05 
C6H5OH 27.74 29.25 1.51 5.44 23.89 22.9 0.99 4.14 18.4 19.06 0.66 3.59 
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